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Clinical PerspectiveWhat Is New?This is the first prospective cohort study to examine the association between serum LBP (lipopolysaccharide‐binding protein) levels and the incidence of cardiovascular disease in a general Japanese population.Higher serum LBP levels were significantly associated with the development of cardiovascular disease even after adjustment for conventional cardiovascular risk factors and homeostasis model assessment of insulin resistance, an index of insulin resistance.This association was attenuated after adjustment for high‐sensitivity C‐reactive protein, a marker of low‐grade systemic inflammation.What Are the Clinical Implications?The findings of this study highlight that low‐grade metabolic endotoxemia may contribute to the pathogenesis of atherosclerosis and subsequent cardiovascular disease through chronic systemic inflammation.Further investigations are needed to elucidate the mechanism underlying the association between serum LBP levels and cardiovascular risk.

Introduction {#jah34571-sec-0008}
============

Cardiovascular disease (CVD) is the leading cause of mortality worldwide, accounting for 17.9 million deaths every year and 31% of all global deaths.[1](#jah34571-bib-0001){ref-type="ref"} Atherosclerotic diseases including stroke and coronary artery disease are the most common forms of CVD.[2](#jah34571-bib-0002){ref-type="ref"}, [3](#jah34571-bib-0003){ref-type="ref"} Although it has been widely acknowledged that atherosclerosis is promoted by the chronic inflammation of blood vessels,[4](#jah34571-bib-0004){ref-type="ref"} the causes of chronic inflammation remain unclear. In recent years, lipopolysaccharide, which is a component of the outer membrane of gram‐negative bacteria, has been noted as a potential source of chronic low‐grade systemic inflammation.[5](#jah34571-bib-0005){ref-type="ref"} Gram‐negative bacteria colonize as resident microbiota in the human gastrointestinal, genitourinary, and respiratory tracts, and in the oral cavity. Recently, the condition of chronically elevated serum lipopolysaccharide, in which serum levels are 10 to 50 times lower than those for patients with sepsis, has been designated "metabolic endotoxemia."[6](#jah34571-bib-0006){ref-type="ref"} Several studies of mice[7](#jah34571-bib-0007){ref-type="ref"}, [8](#jah34571-bib-0008){ref-type="ref"}, [9](#jah34571-bib-0009){ref-type="ref"}, [10](#jah34571-bib-0010){ref-type="ref"} and humans[11](#jah34571-bib-0011){ref-type="ref"}, [12](#jah34571-bib-0012){ref-type="ref"}, [13](#jah34571-bib-0013){ref-type="ref"}, [14](#jah34571-bib-0014){ref-type="ref"} have shown that metabolic endotoxemia is linked with metabolic disturbances such as obesity, insulin resistance, and diabetes mellitus.

LBP (lipopolysaccharide‐binding protein), an acute‐phase protein with a molecular mass of \<60 kDa, binds multimers of lipopolysaccharide in the blood and transfers monomers of lipopolysaccharide to the cellular receptor complex consisting of CD14, MD2, and Toll‐like receptor (TLR) 4, which activates immune cells through the production of proinflammatory cytokines such as tumor necrosis factor‐α, interleukin 1, interleukin 6, interleukin 8, and interferon β.[5](#jah34571-bib-0005){ref-type="ref"}, [15](#jah34571-bib-0015){ref-type="ref"}, [16](#jah34571-bib-0016){ref-type="ref"} When lipopolysaccharide enters into the blood even at a subclinical level of inflammation, LBP is synthesized mainly in the liver, reflecting the activation of inflammatory response.[17](#jah34571-bib-0017){ref-type="ref"}, [18](#jah34571-bib-0018){ref-type="ref"} Serum LBP concentrations in healthy individuals are in the range of ≈0.1 to 10 μg/mL, but increase more than 10‐fold during acute inflammation.[11](#jah34571-bib-0011){ref-type="ref"}, [17](#jah34571-bib-0017){ref-type="ref"} In addition, it has been reported that serum LBP concentrations reach a peak in 12 hours after a small amount of lipopolysaccharide exposure[19](#jah34571-bib-0019){ref-type="ref"} and LBP has a longer half‐life than lipopolysaccharide in blood.[15](#jah34571-bib-0015){ref-type="ref"}, [19](#jah34571-bib-0019){ref-type="ref"} Therefore, the serum LBP concentration is a stable indicator of exposure to lipopolysaccharide.[15](#jah34571-bib-0015){ref-type="ref"}, [20](#jah34571-bib-0020){ref-type="ref"}, [21](#jah34571-bib-0021){ref-type="ref"} Several epidemiological studies have reported cross‐sectional associations of serum LBP levels with the presence of atherosclerosis[22](#jah34571-bib-0022){ref-type="ref"}, [23](#jah34571-bib-0023){ref-type="ref"} and CVD.[24](#jah34571-bib-0024){ref-type="ref"} On the other hand, there has been only one longitudinal study addressing the influence of serum LBP levels on the development of CVD. In that hospital‐based longitudinal study, a significant association was found between serum LBP levels and cardiovascular mortality in patients with high cardiovascular risk who underwent coronary angiography.[25](#jah34571-bib-0025){ref-type="ref"} No population‐based studies have examined the association between serum LBP levels and the development of CVD. Herein, we investigated the association of serum LBP levels with the development of CVD on the basis of a prospective study in a general Japanese population.

Methods {#jah34571-sec-0009}
=======

The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.

Study Design and Participants {#jah34571-sec-0010}
-----------------------------

The Hisayama Study is an ongoing population‐based prospective cohort study of CVD in the town of Hisayama, which is a suburb of Fukuoka City in Japan. The detailed design of the study has been previously described.[26](#jah34571-bib-0026){ref-type="ref"}, [27](#jah34571-bib-0027){ref-type="ref"} In brief, an annual health examination of all residents 40 years and older in this town has been repeated since 1961, and the residents have been followed continuously to clarify the risk factors of CVD and other lifestyle‐related diseases. The screening survey for the present study was performed in 2002 and 2003, with a total of 3328 residents 40 years and older participating (participation rate 77.6%). After excluding 30 individuals who did not consent to participate in this study, 190 individuals with a history of stroke or coronary heart disease (CHD) at baseline, 448 individuals without available data for serum LBP concentrations, 68 individuals with blood samples in a nonfasting state, and 24 individuals with missing data on ECG or serum insulin levels, the remaining 2568 individuals (1086 men and 1482 women) were enrolled in the study. This study was approved by the Kyushu University\'s institutional review board for clinical research, and written informed consent was obtained from all participants.

Follow‐Up Survey {#jah34571-sec-0011}
----------------

The participants were prospectively followed from the day of the screening survey to November 2012 or their death (median follow‐up, 10.2 years; interquartile range, 10.1--10.3 years). Information about new cardiovascular events, including stroke and CHD, was collected by annual health examinations and a daily monitoring system established by the study team, local physicians, and members of the Health and Welfare Office of the town. For the individuals who did not undergo yearly examination or who had moved out of town, the study team sent letters or telephoned to obtain information. When a participant died, clinical information including medical records and death certificates was collected and autopsy examinations were performed at the Department of Pathology of Kyushu University if consent for autopsy was obtained. All available information about suspected CVD events and deaths was collected and reviewed by physicians in the study team. During the follow‐up period, no participants, except for deceased cases, were lost to follow‐up and 192 (60.0%) of 320 deceased individuals underwent autopsy examinations. Among the deceased individuals, 80 died of CVDs, 115 of cancer, 46 of fatal infection (36 individuals with pneumonia, 7 individuals with sepsis, 2 individuals with nontuberculous mycobacteria, and 1 individual with tuberculosis), and 79 of other causes.

Measurement of Serum LBP Concentrations {#jah34571-sec-0012}
---------------------------------------

Serum specimens collected at the baseline screening survey were stored at −80°C until serum LBP concentrations were measured in 2018. Serum LBP levels were quantitatively detected using enzyme‐linked immunosorbent assay kits (Hycult Biotech; catalog number, HK315) in accordance with the manufacturer\'s instructions. The participants were divided into 4 categories according to the quartiles of serum LBP levels (quartile 1: 2.20--9.68 μg/mL; quartile 2: 9.69--10.93 μg/mL; quartile 3: 10.94--12.40 μg/mL; quartile 4: 12.41--24.34 μg/mL). The quartiles were based on all participants, not separately in men and women.

Outcomes {#jah34571-sec-0013}
--------

The main outcome of the present study was the development of CVD, which was defined as a first‐ever episode of either stroke or CHD. Stroke was defined as a sudden onset of nonconvulsive and focal neurological deficit persisting for \>24 hours. The diagnosis of stroke and its subtypes, including ischemic stroke and hemorrhagic stroke (intracerebral or subarachnoid hemorrhage), was determined by study team physicians using medical history, neurological examination, and available clinical data including brain imaging (computed tomography and magnetic resonance imaging) and autopsy findings. CHD was defined as either an episode of acute myocardial infarction, silent myocardial infarction, coronary artery disease followed by coronary angioplasty or coronary artery bypass graft surgery, or sudden cardiac death. Acute myocardial infarction was diagnosed when a participant met at least 2 of the following criteria: (1) typical symptoms, such as prolonged severe chest pain; (2) elevation of cardiac enzymes more than twice the upper limit of the normal range; (3) diagnostic ECG changes, including abnormal Q waves, ST elevation, and ST depression; and (4) any morphological changes---namely, local asynergy of cardiac wall motion on echocardiography, persistent regional myocardial perfusion defect on cardiac scintigraphy, or myocardial necrosis and scars \>1 cm in diameter by coronary atherosclerosis at autopsy. Silent myocardial infarction was defined as myocardial scarring without any clinical symptoms or elevated cardiac enzymes. Sudden cardiac death was defined as a participant dying within 1 hour after the onset of acute illness, in the absence of any apparent cause of death other than heart disease, based on available medical history and clinical data.

Other Risk Factor Measurements {#jah34571-sec-0014}
------------------------------

At the baseline examination, a self‐administered questionnaire was used to collect information on smoking habits, alcohol intake, physical activity, medical history, and medication for hypertension, diabetes mellitus, and dyslipidemia. Smoking habits and alcohol intake were categorized as either current use or not. Regular exercise was defined as participation in sports or other forms of physical activity at least 3 times a week during a participant\'s leisure time. Body height and weight were measured in light clothing without shoes, and body mass index was calculated (kg/m^2^). Blood pressure (BP) was measured 3 times using an automated sphygmomanometer after a rest of at least 5 minutes in a sitting position. The mean of the 3 measurements was used for analysis. Hypertension was defined as BP levels ≥140/90 mm Hg and/or current use of antihypertensive agents. ECG abnormalities were defined as left ventricular hypertrophy (Minnesota Code, 3‐1), ST depression (4‐1, 2, 3), or atrial fibrillation or atrial flutter (8‐3). Blood samples were collected from an antecubital vein after overnight fasting. Plasma glucose levels were measured by the hexokinase method, and serum insulin levels were determined by a commercial double antibody solid‐phase radioimmunoassay (Phadeseph Insulin; Pharmacia Diagnostics AB). Diabetes mellitus was determined by plasma glucose levels (fasting glucose level ≥7.0 mmol/L or 2‐hour post‐load glucose level after 75‐g oral glucose tolerance test ≥11.1 mmol/L, using the 1998 World Health Organization criteria) and/or current use of glucose‐lowering agents (ie, oral hypoglycemic agents or insulin). Insulin resistance was evaluated by homeostasis model assessment of insulin resistance (HOMA‐IR) values,[28](#jah34571-bib-0028){ref-type="ref"} calculated as follows: HOMA‐IR=fasting plasma glucose (mmol/L)×fasting serum insulin (μU/mL)/22.5. Serum total cholesterol, high‐density lipoprotein cholesterol, and triglyceride levels were measured enzymatically. Estimated glomerular filtration rate (eGFR) was calculated according to the Chronic Kidney Disease Epidemiology Collaboration equation for Japanese.[29](#jah34571-bib-0029){ref-type="ref"} Serum hs‐CRP (high‐sensitivity C‐reactive protein) concentrations were measured using a modified version of the Behring Latex‐Enhanced CRP assay on a Behring Nephelometer BN‐100 (Behring Diagnostics).

Statistical Analysis {#jah34571-sec-0015}
--------------------

Serum triglycerides, HOMA‐IR, and serum hs‐CRP were log‐transformed before application to the statistical models because of skewed distributions. The age‐ and sex‐adjusted mean values and frequencies for risk factors were calculated using ANCOVA and logistic regression analysis, respectively. The linear trends across serum LBP levels were tested using linear regression for mean values and logistic regression for frequencies. Correlation between serum LBP levels and risk factors was assessed using Pearson correlation for continuous variables or Spearman rank correlation for categorical variables. The age‐ and sex‐adjusted cumulative incidence of outcomes across serum LBP levels was determined on the basis of regression estimates from a Cox proportional hazards model including age and sex.[30](#jah34571-bib-0030){ref-type="ref"} The age‐ and sex‐adjusted incidence rate of outcomes (per person‐years) was calculated by direct method using the total examined population, which was stratified by 10‐year age groups and sex as the standard. Hazard ratios (HRs) and 95% CIs were calculated by Cox proportional hazards model. We evaluated 4 different models as follows: (1) model 1, adjusted for age and sex; (2) model 2, adjusted for age, sex, systolic BP, use of antihypertensive agents, diabetes mellitus, serum total cholesterol, serum high‐density lipoprotein cholesterol, serum triglycerides, use of lipid‐modifying agents, body mass index, eGFR, ECG abnormalities, smoking habits, alcohol intake, and regular exercise; (3) model 3, adjusted for the covariates included in model 2 plus HOMA‐IR; and (4) model 4, adjusted for the covariates included in model 2 plus hs‐CRP. The risk estimates per 1‐SD increment of the serum LBP levels were used to evaluate the association between serum LBP concentrations taken as a continuous variable and outcomes. For sensitivity analyses, we performed the analysis after excluding individuals with higher white blood cell counts (white blood cell count ≥8600/μL, 95th percentile point) to account for the influence of prior infections. In addition, we repeated the analysis after excluding individuals who had died as a result of fatal infection during follow‐up and performed a competing risk analysis of death caused by fatal infection by using the method proposed by Fine and Gray.[31](#jah34571-bib-0031){ref-type="ref"} The heterogeneity in the magnitude of the association of serum LBP levels with the risk of CVD across subgroups of risk factors was tested by adding a multiplicative interaction term to the relevant Cox model. All analyses were performed using SAS software package version 9.4 (SAS Institute). Two‐sided *P* values \<0.05 were considered statistically significant in all analyses. Histograms and scatter plots were generated using Stata software package release 13 (StataCorp).

Results {#jah34571-sec-0016}
=======

The distribution of serum LBP levels in the study population was nearly normal, as shown in Figure [1](#jah34571-fig-0001){ref-type="fig"}. The mean value of serum LBP levels was 11.2 μg/mL (SD, 2.3 μg/mL) and the median value was 10.9 μg/mL (interquartile range, 9.7--12.4 μg/mL). The mean value of serum LBP concentrations was significantly higher in men than women (11.4 μg/mL versus 11.0 μg/mL, *P*\<0.0001).

![Histogram of serum concentrations of LBP (lipopolysaccharide‐binding protein) in the study population (n=2568), 2002. IQR indicates interquartile range.](JAH3-8-e013628-g001){#jah34571-fig-0001}

The age‐ and sex‐adjusted baseline characteristics of the study population according to the quartile of serum LBP levels are summarized in Table [1](#jah34571-tbl-0001){ref-type="table"}. The mean values of age, systolic BP, diastolic BP, serum total cholesterol, and body mass index; the geometric mean values of serum triglyceride, HOMA‐IR, and serum hs‐CRP; the percentage of men; and the frequencies of use of antihypertensive agents, diabetes mellitus, use of lipid‐modifying agents, and ECG abnormalities were significantly increased with higher serum LBP levels. The mean value of serum high‐density lipoprotein cholesterol was significantly decreased with higher serum LBP levels. The unadjusted and age‐ and sex‐adjusted correlation coefficients between serum LBP concentrations and other variables in the study population are shown in Table [S1](#jah34571-sup-0001){ref-type="supplementary-material"}. Among the variables, serum hs‐CRP concentration had the strongest positive correlation with serum LBP concentrations (unadjusted correlation coefficient=0.62 \[*P*\<0.0001\] and age‐ and sex‐adjusted correlation coefficient=0.60 \[*P*\<0.0001\]) (Figure [2](#jah34571-fig-0002){ref-type="fig"} and Table [S1](#jah34571-sup-0001){ref-type="supplementary-material"}).

###### 

Age‐ and Sex‐Adjusted Baseline Characteristics According to Serum LBP Levels (n=2568), 2002

  Variables                                             Serum LBP Levels, μg/mL   *P* for Trend                                               
  ----------------------------------------------------- ------------------------- ------------------- ------------------- ------------------- ----------
  Age, mean (SE), y                                     57.0 (0.5)                60.0 (0.5)          61.8 (0.5)          64.2 (0.5)          \<0.0001
  Men, %                                                34.4                      38.9                46.0                49.7                \<0.0001
  Systolic BP, mean (SE), mm Hg                         126.7 (0.8)               132.4 (0.8)         133.0 (0.8)         134.1 (0.8)         \<0.0001
  Diastolic BP, mean (SE), mm Hg                        75.8 (0.5)                78.6 (0.5)          79.3 (0.5)          80.1 (0.5)          \<0.0001
  Use of antihypertensive agents, %                     13.2                      18.4                21.9                22.7                \<0.0001
  Diabetes mellitus, %                                  8.7                       13.2                16.9                18.6                \<0.0001
  Use of glucose‐lowering agents, %                     2.5                       3.0                 4.2                 3.9                 0.10
  Serum total cholesterol, mean (SE), mmol/L            5.04 (0.04)               5.35 (0.04)         5.37 (0.04)         5.40 (0.04)         \<0.0001
  Serum HDL cholesterol, mean (SE), mmol/L              1.71 (0.02)               1.66 (0.02)         1.60 (0.02)         1.54 (0.02)         \<0.0001
  Serum triglyceride, geometric mean (95% CI), mmol/L   0.9 (0.9--1.0)            1.2 (1.1--1.2)      1.2 (1.2--1.3)      1.3 (1.2--1.3)      \<0.0001
  Use of lipid‐modifying agents, %                      4.9                       7.7                 8.8                 7.7                 0.04
  BMI, mean (SE), kg/m^2^                               21.8 (0.1)                22.9 (0.1)          23.7 (0.1)          24.0 (0.1)          \<0.0001
  eGFR, mean (SE), mL/min per 1.73 m^2^                 80.0 (0.7)                78.9 (0.7)          79.9 (0.7)          78.2 (0.7)          0.25
  ECG abnormalities, %                                  12.1                      14.6                15.3                16.7                0.02
  Smoking habits, %                                     16.0                      14.5                13.3                18.3                0.41
  Alcohol intake, %                                     41.3                      45.3                43.0                41.3                0.94
  Regular exercise, %                                   10.4                      10.4                10.4                10.0                0.80
  HOMA‐IR, geometric mean (95% CI)                      1.4 (1.3--1.4)            1.7 (1.6--1.8)      1.8 (1.7--1.9)      2.0 (1.9--2.1)      \<0.0001
  Serum hs‐CRP, geometric mean (95% CI), mg/L           0.23 (0.22--0.25)         0.36 (0.34--0.39)   0.59 (0.55--0.64)   1.47 (1.36--1.59)   \<0.0001

BMI indicates body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; HDL, high‐density lipoprotein; HOMA‐IR, homeostasis model assessment of insulin resistance; hs‐CRP, high‐sensitivity C‐reactive protein; LBP, lipopolysaccharide‐binding protein; SE, standard error.

![Linear correlation analysis of the association between LBP (lipopolysaccharide‐binding protein) and log‐transformed hs‐CRP (high‐sensitivity C‐reactive protein) (n=2568), 2002.](JAH3-8-e013628-g002){#jah34571-fig-0002}

During the follow‐up period, a total of 180 individuals had a first‐ever CVD event; among them, 108 individuals experienced stroke (74 ischemic stroke and 34 hemorrhagic stroke), and 87 individuals experienced CHD. Figure [3](#jah34571-fig-0003){ref-type="fig"} demonstrates the age‐ and sex‐adjusted cumulative incidence of CVD and its subtypes according to serum LBP levels. The age‐ and sex‐adjusted incidence of total CVD and stroke increased significantly with higher serum LBP levels (*P* for trend=0.005 and 0.01, respectively). The age‐ and sex‐adjusted cumulative incidence of CHD showed a tendency to increase with higher serum LBP levels (*P* for trend=0.06), and individuals in the third quartile of serum LBP level had a significantly greater risk of CHD compared with those in the first quartile (ie, the lowest serum LBP quartile). As shown in Table [2](#jah34571-tbl-0002){ref-type="table"}, higher serum LBP levels were significantly associated with a higher risk of the development of CVD after adjusting for conventional risk factors of CVD (model 2, *P* for trend=0.01): the HR increased by 1.23 (95% CI, 1.07--1.41) per 1‐SD increment in the serum LBP concentrations. Individuals in the third and fourth quartile of serum LBP had a 1.5‐ and 1.9‐fold greater risk of CVD than those in the first quartile (Figure [S1](#jah34571-sup-0001){ref-type="supplementary-material"}). This association remained significant even after additional adjustment for HOMA‐IR (model 3, *P* for trend=0.01): the HR increased by 1.22 (95% CI, 1.16--3.06) per 1‐SD increment in the serum LBP concentrations. However, the additional adjustment for hs‐CRP to model 2 attenuated the association to a nonsignificant level (*P* for trend=0.08): the HR increased by 1.17 (95% CI, 0.98--1.39) per 1‐SD increment in the serum LBP concentrations. Individuals in the fourth quartile of serum LBP had a 1.7‐fold greater risk of CVD than those in the first quartile.

![Age‐ and sex‐adjusted cumulative incidence rate of cardiovascular disease and its subtypes according to serum LBP (lipopolysaccharide‐binding protein) levels (n=2568), 2002--2012. Q1 to Q4 indicate ascending quartiles of LBP levels (Q1: 2.20--9.68 μg/mL; Q2: 9.69--10.93 μg/mL; Q3: 10.94--12.40 μg/mL; Q4: 12.41--24.34 μg/mL). \**P*\<0.05 vs the first quartile of LBP levels.](JAH3-8-e013628-g003){#jah34571-fig-0003}

###### 

Risk of CVD and its Subtypes According to Serum LBP Levels (n=2568), 2002--2012

  Serum LBP Levels, μg/mL                          Individuals at Risk   No. of Events   Incidence Rate (Per 10^3^ PYs)[a](#jah34571-note-0004){ref-type="fn"}   HR (95% CI)                                                 
  ------------------------------------------------ --------------------- --------------- ----------------------------------------------------------------------- ------------------- ------------------- ------------------- -------------------
  CVD                                                                                                                                                                                                                        
  Quartile 1 (2.20--9.68)                          641                   23              6.0                                                                     1.00 (reference)    1.00 (reference)    1.00 (reference)    1.00 (reference)
  Quartile 2 (9.69--10.93)                         643                   33              6.3                                                                     1.16 (0.68--1.98)   1.04 (0.60--1.78)   1.04 (0.60--1.78)   1.02 (0.59--1.75)
  Quartile 3 (10.94--12.40)                        639                   52              8.3                                                                     1.65 (1.01--2.71)   1.52 (0.92--2.51)   1.51 (0.91--2.50)   1.44 (0.86--2.41)
  Quartile 4 (12.41--24.34)                        645                   72              8.3                                                                     2.05 (1.28--3.30)   1.90 (1.17--3.09)   1.88 (1.16--3.06)   1.72 (1.01--2.93)
  *P* for trend                                                                                                                                                  0.005               0.01                0.01                0.08
  Per 1‐SD increment in serum LBP concentrations   2568                  180                                                                                     1.24 (1.08--1.41)   1.23 (1.07--1.41)   1.22 (1.07--1.40)   1.17 (0.98--1.39)
  CHD                                                                                                                                                                                                                        
  Quartile 1 (2.20--9.68)                          641                   10              2.8                                                                     1.00 (reference)    1.00 (reference)    1.00 (reference)    1.00 (reference)
  Quartile 2 (9.69--10.93)                         643                   15              2.8                                                                     1.18 (0.53--2.64)   1.05 (0.47--2.35)   1.04 (0.46--2.34)   1.04 (0.46--2.33)
  Quartile 3 (10.94--12.40)                        639                   32              5.3                                                                     2.24 (1.10--4.57)   1.88 (0.91--3.90)   1.87 (0.90--3.87)   1.84 (0.88--3.86)
  Quartile 4 (12.41--24.34)                        645                   30              3.4                                                                     1.82 (0.88--3.74)   1.51 (0.72--3.16)   1.50 (0.72--3.13)   1.44 (0.65--3.18)
  *P* for trend                                                                                                                                                  0.06                0.17                0.18                0.21
  Per 1‐SD increment in serum LBP concentrations   2568                  87                                                                                      1.24 (1.03--1.50)   1.19 (0.97--1.45)   1.19 (0.97--1.45)   1.20 (0.93--1.53)
  Stroke                                                                                                                                                                                                                     
  Quartile 1 (2.20--9.68)                          641                   14              3.5                                                                     1.00 (reference)    1.00 (reference)    1.00 (reference)    1.00 (reference)
  Quartile 2 (9.69--10.93)                         643                   22              4.1                                                                     1.28 (0.65--2.50)   1.14 (0.58--2.25)   1.15 (0.58--2.27)   1.10 (0.55--2.18)
  Quartile 3 (10.94--12.40)                        639                   24              3.5                                                                     1.25 (0.65--2.43)   1.22 (0.62--2.40)   1.23 (0.63--2.41)   1.13 (0.57--2.26)
  Quartile 4 (12.41--24.34)                        645                   48              5.2                                                                     2.27 (1.24--4.15)   2.30 (1.24--4.27)   2.27 (1.22--4.22)   1.97 (0.99--3.91)
  *P* for trend                                                                                                                                                  0.01                0.005               0.007               0.08
  Per 1‐SD increment in serum LBP concentrations   2568                  108                                                                                     1.24 (1.04--1.46)   1.27 (1.06--1.51)   1.26 (1.06--1.50)   1.15 (0.92--1.44)
  Subtypes of stroke                                                                                                                                                                                                         
  Ischemic stroke                                                                                                                                                                                                            
  Quartile 1 (2.20--9.68)                          641                   8               2.0                                                                     1.00 (reference)    1.00 (reference)    1.00 (reference)    1.00 (reference)
  Quartile 2 (9.69--10.93)                         643                   16              3.0                                                                     1.62 (0.69--3.78)   1.58 (0.67--3.73)   1.58 (0.67--3.74)   1.46 (0.61--3.46)
  Quartile 3 (10.94--12.40)                        639                   17              2.5                                                                     1.53 (0.66--3.56)   1.60 (0.68--3.78)   1.60 (0.68--3.77)   1.35 (0.56--3.22)
  Quartile 4 (12.41--24.34)                        645                   33              3.3                                                                     2.63 (1.20--5.74)   2.84 (1.28--6.31)   2.81 (1.26--6.25)   1.98 (0.82--4.77)
  *P* for trend                                                                                                                                                  0.05                0.03                0.03                0.42
  Per 1‐SD increment in serum LBP concentrations   2568                  74                                                                                      1.28 (1.05--1.57)   1.32 (1.08--1.61)   1.31 (1.07--1.60)   1.10 (0.85--1.43)
  Hemorrhagic stroke                                                                                                                                                                                                         
  Quartile 1 (2.20--9.68)                          641                   6               1.4                                                                     1.00 (reference)    1.00 (reference)    1.00 (reference)    1.00 (reference)
  Quartile 2 (9.69--10.93)                         643                   6               1.1                                                                     0.83 (0.27--2.57)   0.63 (0.20--2.00)   0.64 (0.20--2.04)   0.69 (0.22--2.20)
  Quartile 3 (10.94--12.40)                        639                   7               1.0                                                                     0.88 (0.29--2.65)   0.77 (0.25--2.35)   0.78 (0.26--2.40)   0.90 (0.29--2.86)
  Quartile 4 (12.41--24.34)                        645                   15              1.8                                                                     1.74 (0.66--4.56)   1.60 (0.60--4.29)   1.58 (0.59--4.27)   2.19 (0.72--6.64)
  *P* for trend                                                                                                                                                  0.30                0.21                0.24                0.11
  Per 1‐SD increment in serum LBP concentrations   2568                  34                                                                                      1.12 (0.81--1.54)   1.15 (0.80--1.64)   1.14 (0.79--1.63)   1.29 (0.82--2.02)

Model 1: adjusted for age and sex. Model 2: adjusted for age, sex, systolic blood pressure, use of antihypertensive agents, diabetes mellitus, serum total cholesterol, serum high‐density lipoprotein cholesterol, serum triglycerides, use of lipid‐modifying agents, body mass index, estimated glomerular filtration rate, ECG abnormalities, smoking habits, alcohol intake, and regular exercise. Model 3: adjusted for the covariates included in model 2+homeostasis model assessment of insulin resistance. Model 4: adjusted for the covariates included in model 2+serum high‐sensitivity C‐reactive protein. CHD indicates coronary heart disease; CVD, cardiovascular disease; HR, hazard ratio; LBP, lipopolysaccharide‐binding protein; PYs, person‐years.

Age‐ and sex‐adjusted.

With regard to the subtypes of CVD, similar associations with higher serum LBP were observed for the development of stroke and CHD, but the association between higher serum LBP and CHD did not reach the level of statistical significance. With regard to stroke subtypes, higher serum LBP levels were significantly associated with an increased risk of ischemic stroke, whereas there was no evidence of a significant association between serum LBP levels and the risk of hemorrhagic stroke.

We performed the sensitivity analysis after excluding individuals with higher white blood cell counts. As a consequence, the associations between serum LBP and risk of CVD were not substantially changed (Table [S2](#jah34571-sup-0001){ref-type="supplementary-material"}). In addition, similarly significant associations between serum LBP levels and CVD risk were also observed in the analysis excluding individuals who died as a result of fatal infection during the follow‐up (Table [S3](#jah34571-sup-0001){ref-type="supplementary-material"}), as well as in the competing risk analysis, in which the competing event was defined as premature death caused by fatal infection (Table [S4](#jah34571-sup-0001){ref-type="supplementary-material"}).

Table [3](#jah34571-tbl-0003){ref-type="table"} shows that there was no evidence of heterogeneity in the association of per 1‐SD increment in serum LBP levels with the risk of CVD between participants with and those without risk factors (all *P* for heterogeneity \>0.10), except for alcohol intake. The association of serum LBP levels with the risk of CVD seemed to be weaker among the current drinkers than the nondrinkers. We further investigated the influence of the amount of drinking on the association between serum LBP levels and CVD risk, by dividing current drinkers for whom drinking quantity data were available (n=1119) into 2 categories by the median drinking quantity: alcohol drinking \<18 g ethanol per day (n=541) and ≥18 g ethanol per day (n=578). As a consequence, there was no significant association between serum LBP levels and the multivariable‐adjusted risk of CVD in either of the current‐drinker subgroups, and no evidence of heterogeneity among the groups with no drinking, light drinking, and heavy drinking (*P* for heterogeneity=0.16, Table [S5](#jah34571-sup-0001){ref-type="supplementary-material"}).

###### 

Multivariable‐Adjusted HRs Per 1‐SD Increment in Serum LBP Level for CVD by the Presence or Absence of Other Cardiovascular Risk Factors (n=2568), 2002--2012

  Variables                                                                                Individuals at Risk   No. of Events   HR (95% CI) Per 1‐SD Increment in Serum LBP   *P* for Heterogeneity
  ---------------------------------------------------------------------------------------- --------------------- --------------- --------------------------------------------- -----------------------
  Overall                                                                                  2568                  180             1.23 (1.07--1.41)                             
  Age                                                                                                                                                                          
  \<70 y                                                                                   1894                  86              1.35 (1.10--1.66)                             0.15
  ≥70 y                                                                                    674                   94              1.13 (0.94--1.36)                             
  Sex                                                                                                                                                                          
  Men                                                                                      1086                  100             1.19 (0.99--1.44)                             0.83
  Women                                                                                    1482                  80              1.29 (1.05--1.60)                             
  Hypertension                                                                                                                                                                 
  No                                                                                       1502                  68              1.22 (0.96--1.56)                             0.70
  Yes                                                                                      1066                  112             1.21 (1.02--1.43)                             
  Diabetes mellitus                                                                                                                                                            
  No                                                                                       2181                  135             1.28 (1.10--1.50)                             0.22
  Yes                                                                                      387                   45              1.01 (0.73--1.40)                             
  BMI                                                                                                                                                                          
  \<25 kg/m^2^                                                                             1894                  136             1.22 (1.04--1.42)                             1.00
  ≥25 kg/m^2^                                                                              674                   44              1.23 (0.89--1.70)                             
  eGFR                                                                                                                                                                         
  ≥60 mL/min per 1.73 m^2^                                                                 2236                  140             1.21 (1.03--1.41)                             0.72
  \<60 mL/min per 1.73 m^2^                                                                332                   40              1.32 (0.97--1.80)                             
  ECG abnormalities                                                                                                                                                            
  No                                                                                       2152                  117             1.24 (1.05--1.46)                             0.65
  Yes                                                                                      416                   63              1.29 (0.98--1.69)                             
  Smoking habits                                                                                                                                                               
  No                                                                                       1986                  142             1.26 (1.08--1.47)                             0.64
  Yes                                                                                      582                   38              1.15 (0.83--1.59)                             
  Alcohol intake                                                                                                                                                               
  No                                                                                       1432                  104             1.36 (1.14--1.61)                             0.09
  Yes                                                                                      1136                  76              1.08 (0.86--1.36)                             
  Regular exercise                                                                                                                                                             
  No                                                                                       2299                  164             1.22 (1.05--1.42)                             0.64
  Yes                                                                                      269                   16              1.54 (1.00--2.36)                             
  HOMA‐IR                                                                                                                                                                      
  ≤1.6                                                                                     1220                  82              1.22 (1.01--1.48)                             0.95
  \>1.6                                                                                    1348                  98              1.23 (1.00--1.50)                             
  Use of antihypertensive agents, glucose‐lowering agents, and/or lipid‐modifying agents                                                                                       
  No                                                                                       1895                  52              1.08 (0.99--1.18)                             0.63
  Yes                                                                                      673                   35              1.12 (1.02--1.22)                             

The model was adjusted for age, sex, systolic blood pressure, use of antihypertensive agents, diabetes mellitus, serum total cholesterol, serum high‐density lipoprotein cholesterol, serum triglycerides, use of lipid‐modifying agents, body mass index (BMI), estimated glomerular filtration rate (eGFR), ECG abnormalities, smoking habits, alcohol intake, and regular exercise. The variables relevant to the subgroup were excluded from the corresponding model. CVD indicates cardiovascular disease; HOMA‐IR, homeostasis model assessment of insulin resistance; HR, hazard ratio; LBP, lipopolysaccharide‐binding protein.

Discussion {#jah34571-sec-0017}
==========

In this prospective study of a general Japanese population, we demonstrated that higher serum LBP levels were significantly associated with the development of CVD even after adjustment for conventional cardiovascular risk factors and HOMA‐IR, an index of insulin resistance. Intriguingly, these associations were attenuated after adjustment for hs‐CRP, a marker of low‐grade systemic inflammation. With regard to the CVD subtypes, individuals with higher serum LBP levels had a significantly greater risk of stroke, especially ischemic stroke, whereas there was no statistically significant association between serum LBP levels and hemorrhagic stroke. The risk of CHD showed a tendency to increase with elevated serum LBP levels, but this association was not statistically significant, probably because the analysis lacked sufficient statistical power. Therefore, it may be reasonable to assume that chronic exposure to lipopolysaccharide plays an important role for the development of CVD through chronic systemic inflammation.

Several epidemiological studies have reported an association between serum LBP levels and the presence of atherosclerosis and CVD.[22](#jah34571-bib-0022){ref-type="ref"}, [23](#jah34571-bib-0023){ref-type="ref"}, [24](#jah34571-bib-0024){ref-type="ref"}, [25](#jah34571-bib-0025){ref-type="ref"} Two previous cross‐sectional studies showed that serum LBP levels were positively associated with atherosclerosis as assessed by carotid intima‐media thickness[22](#jah34571-bib-0022){ref-type="ref"} or aortic pulse wave velocity.[23](#jah34571-bib-0023){ref-type="ref"} One cross‐sectional study showed a significant positive association between serum LBP levels and prevalent coronary artery disease in men undergoing elective coronary angiography.[24](#jah34571-bib-0024){ref-type="ref"} In addition, one hospital‐based prospective study found that higher serum LBP levels were significantly associated with greater risks of all‐cause and cardiovascular mortality after adjustment for established cardiovascular risk factors in patients who had undergone coronary angiography.[25](#jah34571-bib-0025){ref-type="ref"} To the best of our knowledge, this is the first population‐based prospective study showing that elevated levels of serum LBP were a significant risk factor for the development of CVD in a general population.

Because this was an observational study, we cannot make interferences regarding causality. Nonetheless, several biological mechanisms could potentially explain the positive association between serum LBP levels and the development of CVD. LBP is produced primarily by the liver and helps mediate the lipopolysaccharide‐induced inflammatory response.[17](#jah34571-bib-0017){ref-type="ref"} Recently, metabolic concentrations of serum lipopolysaccharide have been found to trigger insulin resistance and obesity in mice[7](#jah34571-bib-0007){ref-type="ref"}, [8](#jah34571-bib-0008){ref-type="ref"} and humans.[32](#jah34571-bib-0032){ref-type="ref"} Previous reports have also shown that LBP is synthesized in adipocytes and plays a role in inflammation‐ and obesity‐associated adipose tissue dysfunction.[33](#jah34571-bib-0033){ref-type="ref"}, [34](#jah34571-bib-0034){ref-type="ref"} In addition, a positive association between serum LBP levels and the risk of insulin resistance or metabolic syndrome has been demonstrated in both cross‐sectional[11](#jah34571-bib-0011){ref-type="ref"}, [14](#jah34571-bib-0014){ref-type="ref"}, [18](#jah34571-bib-0018){ref-type="ref"}, [35](#jah34571-bib-0035){ref-type="ref"}, [36](#jah34571-bib-0036){ref-type="ref"} and prospective[13](#jah34571-bib-0013){ref-type="ref"}, [37](#jah34571-bib-0037){ref-type="ref"} studies. These findings suggest that the association between serum LBP levels and the future development of CVD might be attributable to the presence of insulin resistance, as insulin resistance has been recognized as one of the established risk factors for CVD.[38](#jah34571-bib-0038){ref-type="ref"} However, in the present study, a significant association between serum LBP levels and the risk of CVD remained even after adjustment for HOMA‐IR. Another possible explanation is that the association between serum LBP and future CVD involves subclinical low‐grade inflammation induced by lipopolysaccharide‐LBP complexes. Chronic low‐grade systemic inflammation has been well acknowledged to cause atherosclerosis, followed by CVD.[4](#jah34571-bib-0004){ref-type="ref"} Recent studies have suggested that cytokines produced by the TLR4 downstream pathway could cause chronic low‐grade inflammation.[39](#jah34571-bib-0039){ref-type="ref"} Genetic deficiency of TLR4 or its downstream myeloid differentiation factor 88 were reported to reduce atherosclerosis in a hypercholesterolemic mouse model.[40](#jah34571-bib-0040){ref-type="ref"} In human atherosclerotic plaques, expression of TLRs (TLR1, TLR2, and TLR4) was markedly enhanced.[41](#jah34571-bib-0041){ref-type="ref"} In the present study, the serum LBP concentration was strongly correlated with the serum hs‐CRP concentration, and the association between serum LBP and cardiovascular risk was largely attenuated after additional adjustment for hs‐CRP. These findings may suggest that serum lipopolysaccharide from microbiota in the gut or other sites in the body is a major source of chronic systemic inflammation, which, in turn, increases the risk of CVD. Nevertheless, as stated above, a marginal association between serum LBP and cardiovascular risk was still observed after adjusting for serum hs‐CRP concentrations. A previous study in mice revealed that high dietary fat composition induced low‐grade inflammation through the active transport of lipopolysaccharide.[42](#jah34571-bib-0042){ref-type="ref"} In addition, patients with obstructive sleep apnea had a higher serum LBP concentration than those without.[43](#jah34571-bib-0043){ref-type="ref"} These findings raise the possibility that residual confounders (eg, high‐fat diet, sleep apnea, and inflammatory cytokines) or other underlying mechanisms may exist in the association between serum LBP level and cardiovascular risk. Clearly, further research will be needed to elucidate the mechanism between serum LBP and cardiovascular risk.

In the present study, we found that the association between serum LBP levels and the risk of CVD was lower in current drinkers than those who do not consume alcohol, but the precise reason for this finding is unclear. A recent study reported that patients with severe alcoholic hepatitis were likely to have a higher serum LBP level than those without,[44](#jah34571-bib-0044){ref-type="ref"} while premature death might happen before the onset of CVD in such conditions, potentially leading to an apparent decrease in the HR for CVD. Furthermore, the favorable effect of mild‐moderate alcohol consumption on cardiovascular risk may affect the association between serum LBP levels and the risk of CVD.[45](#jah34571-bib-0045){ref-type="ref"} On the other hand, this finding may simply reflect the play of chance, because our additional subgroup analysis of the effect of alcohol quantity failed to reveal a significant heterogeneity across the alcohol quantity subgroups. The influence of alcohol intake on the association between serum LBP levels and CVD should be reviewed in other cohorts.

Study Strengths and Limitations {#jah34571-sec-0018}
-------------------------------

The strengths of our study include its community‐based prospective cohort study design, high rate of participation in the screening examination, perfect follow‐up of participants, and accurate diagnosis of CVD and its subtypes based on the available clinical information and autopsy findings. Several limitations should also be noted. First, serum LBP levels were based on only a single measurement at baseline. During the follow‐up period, the serum LBP levels and other risk factors may have changed, therefore misclassification was possible. This could have weakened the association demonstrated in this study. Second, although we tried to control for a wide range of confounding factors in this analysis, we could not exclude the possibility of residual confounding. Third, information on prior infections was not available in the present study. Prior infections, especially shortly before blood sampling, could have caused an acute increase in serum LBP, leading to misclassification of the chronic levels of serum LBP. However, sensitivity analysis in which individuals with higher white blood cell counts were excluded did not make any material difference in the findings. In addition, the significant associations between serum LBP levels and CVD risk were also found in the analyses accounting for the events of fatal infection during follow‐up. These findings may suggest that acute infection had little influence on our findings. Fourth, we did not have any information on gut permeability, and therefore we could not clarify the major organ that contributed to the source of increased serum lipopolysaccharide. Fifth, data on inflammatory cytokines other than hs‐CRP were not available, thus we could not perform more detailed analysis to uncover the biological mechanism. Finally, it remains unclear whether the conclusion of this Japanese population‐based study can be generalized to other ethnic populations with different genetic backgrounds and lifestyles. These results should be validated by other large‐scale, population‐based prospective cohort studies in different populations.

Conclusions {#jah34571-sec-0019}
===========

The present study clearly demonstrated that elevated serum LBP levels were associated with the development of CVD. These findings highlight that low‐grade metabolic endotoxemia may contribute to the pathogenesis of atherosclerosis and subsequent CVD through chronic systemic inflammation. However, it remains to be clarified whether serum LBP levels would be a suitable therapeutic target. Further investigations are needed to elucidate the mechanism underlying the association between serum LBP levels and cardiovascular risk.
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